Abstract-Shadowing impact for indoor mobile visible light communications (VLC), is linked to the person wearing the optical receiver, depending on the body features and varying according the data rate. Here, we investigate VLC performance considering two body models with different reflectivity values. In addition, we consider a mobile receiver with random orientations to account body movements. Results show that for low data rates, a 2D body model with perpendicular receiver orientation allows suitable performance estimation. For high data rates, 2D body model can be used but link efficiency is deteriorated depending on receiver orientation variations whatever body reflectivity values are.
INTRODUCTION
As energy saving is a topic of interest, much research on Visible Light Communications (VLC) based on Light Emitting Diodes (LEDs) has been developed in recent years [1] [2] [3] . LEDs have several attractive characteristics, so they are used in many contexts in order to replace classic lighting methods like incandescent light. Actually, they are energy efficient, and they can be easily combined to perform dimming for brightness, warm management or cool lighting. In addition, LEDs structure allows fast switching abilities, so they emerge to be the best candidates for VLC networking, which main goal is to provide both illumination and communication.
VLC and more generally Optical Wireless Communications (OWC) have a number of advantages over existing wireless communication ones and constitute a solution to overcome spectrum congestion of radio frequency (RF) communications.
First, OWC spectral domain offers a high and not regulated bandwidth. In addition, optical components are cheap so it is possible to deploy a low cost network. Furthermore, this technology does not generate electromagnetic interferences, so optical network will not interfere with RF existing ones, making its application particularly promising in sensitive environment like hospitals or airplanes [4, 5] .
Several outdoor applications of OWC have been considered such as intra and extra vehicular communications or to be a complement to RF in the 5G technology [6] . Nevertheless, it is for indoor applications that much research was conducted and a first standard, IEEE 802.15.7, has been recently proposed, allowing regulating the use of VLC [7] .
For indoor environments, the high power provided by the room lighting allows obtaining high Signal to Noise Ratios (SNR), increasing the interest of this kind of scenario. In addition, due to the light confinement, transmitted data are restricted to room area, contributing to information security enhancement.
Most current indoor VLC studies consider a fixed receiver with emitters placed on the ceiling. These configurations offer a high quality of service (QoS) but it has been shown that shadowing effect due to the presence of objects and/or moving person can degrade VLC performance [1, 8, 9] .
In addition, when the receiver is mobile, for example worn by a person, the body movements induce receiver orientation variations which can also contribute to performance degradation because of link blocking cases. Methods like angle diversity can overcome this problem [10, 11] but it is necessary to have a more complex receiver. This is difficult in the case of a system worn by a person.
In this paper, we study a classical VLC configuration constituted of several emitters fixed on the room celling but assuming a mobile and simple receiver worn by a moving person. Our contribution is to determine body impact on the performance including orientation and position variations of the receiver. The analysis is provided thanks to ray-tracing channel model with different body profiles and considering body/room reflectivity features. Performance is obtained as a function of the data rate.
The paper is organized as follows: in part II we describe the studied environment and the different body models used in our simulation. Part III presents the results obtained taking into account body impact. Finally, conclusions are given in part IV.
II. DESCRIPTION OF THE STUDIED SYSTEM

A. System Overview
The configuration studied in this paper has been considered in many VLC studies [12] [13] [14] [15] [16] . As seen in Fig. 1 , it consists in an empty room (5mx5mx3m), where four VLC transmitters, each constituted of 3600 LEDs, are placed on the celling (coordinates are indicated in TABLE I). The total emitted power is 144W and ensures a minimum of 400 lux in the room [15] .The receiver can be at any position on a 2D plan at 1.2m from the floor. The walls and the ceiling are considered as plaster surfaces and the floor as plastic one. Moreover, we assume a random uniform distribution of receiver positions within the 2D plan in order to model the receiver mobility. As mobility also implies the variations of the receiver orientations (for example due to the body movements), we define azimuthal and longitudinal angles respectively and , as illustrated in Fig. 1 , whose values are uniformly and randomly chosen within and . 
B. Channel model
Usually, studied VLC configurations are static considering a receiver oriented towards the ceiling ( =0 in Fig. 1 ). In this case, the VLC channel is mainly characterised by Line Of Sight (LOS) optical paths.
However, in indoor environment, it is also important to take into account optical reflections from surfaces which can impact the received power. As we consider receiver mobility and variations of receiver orientation, this is all the more significant. The global channel impulse response can be expressed as: (1) Where N is the number of sources and is the k bounces contribution to the channel impulse response according to the i th source. It has been shown that a suitable model for indoor dynamic VLC channel can be obtained considering three reflections (k=3) of the optical signal [14] .
An accurate way to calculate uses a ray tracing algorithm relying on the Monte Carlo method. For this aim, we use a ray-based simulator developed at the XLIM Laboratory, which reduces computation time by implementing some techniques of variance reduction such as importance sampling or next event estimation methods [17] .
For our simulation set-up, each of the N impulse responses is determined over duration of 60ns with a step of 0.15ns and 2 million launched rays.
Various environmental elements such as walls and objects contribute to the optical reflections. The human body, which can wear the receiver device, can also have a great influence on the propagation loss.
In this paper, to study the impact of the human body on the VLC performance, we have to model its geometry on one side and its reflectance properties on the other side.
. A first question concerns the level of details to be used by simulation and its impact on impulse response. To answer this question, we consider two geometrical models, one in 2D corresponding to the profile of a generic human body (cf. Fig. 2 (a)), and another one being a highly detailed 3D mesh [18] (cf. Fig. 2 (b) ). These two models represent a body of 1.72m height and 45cm width. The 3D one presents a thickness of 25cm and is composed of 1796 facets (triangles). corresponding to the reflectivity at normal incidence. The value of varies from 0 to 1. A weak value represents very absorbing surfaces, while a high value is associated to very shiny materials. The surface of a human body exposed to light propagation is composed of two main parts, the skin and the clothes, and their values vary according to the light wavelength. Fig. 3 resumes the corresponding range of some values according to the light wavelength [19] . In conclusion, to take into account the whole range of values connected to the different human skins and clothes, and so to obtain the most representative conclusions, all light simulations presented in this paper are obtained concerning two extreme mean values of ρ, respectively ρ1 = 0.1 and ρ2 = 0.7.
Finally, the reflectance properties of the rest of the environment (walls, ceiling and floor) are presented in the TABLE II. They have been fixed according to [20] . 
A. Impact on the optical gain
For the simulation we have considered 961 receiver positions uniformly chosen within the 2D plane. In addition the receiver is worn by a person whose body is modelled by the 2D and 3D previously described shapes and supposed to be moving with the The probability density function (PDF) of the optical gain H(0) considering five different scenarios is reported in Fig. 4 and 5. The optical gain H(0) is defined as: (2) The studied scenarios consider receiver mobility. This means that we simulate 961 receiver positions and that receiver orientation varies as defined in section II:
- ( First, it may be observed by comparing scenario (b) and (c) in Fig. 4 and scenario (d) and (e) in Fig. 5 , that for a given value of reflectivity coefficient, the results obtained with 2D and 3D body models are quite similar. This means that it is not necessary to use a complex model which is a significant achievement given the diversity of human body. Then, if we compare scenario (a) and (b) in Fig. 4 , it can be noted that as expected, a surface with a high value of doesn't significantly modify the optical gain distribution. On the contrary, we can observe that results for a weak value in Fig.  5 exhibit different conclusions. Indeed, the optical gain PDF is more spread of about 5dB in scenarios (d) and (e) compared to scenario (a) where the body is not taken into account. Those results show that the body has an impact on the optical gain, mostly depending on its value and not on its shape. To discuss performance, we will use in the following a 2D model with the two ρ extreme values respectively ρ1 = 0.1 and ρ2 = 0.7. 
B. Impact on the channel performance
To establish the performance, we first determine the SNR for the scenarios (a), (b) and (d). In the case of On-Off Keying modulation (OOK) the SNR can be expressed as [12] : (3) Where R is the photodetector sensitivity, represents the shot noise power and the thermal one. In our case, we consider that is very small compared to . So, the noise power is obtained as: (4) Where q is the electron quantum charge, I B is the photocurrent due to background radiations, I 2 is the bandwidth noise factor and B = 1/T is the bandwidth of the signal. We set I 2 = 0.562 and I B = 5100μA [21] . P r-sig and P r-isi are respectively the received power within the symbol duration T and the power linked to Inter Symbol Interference (ISI). They are defined as: (5) (6) x(t) is the transmitted optical pulse. The symbol denotes the convolution. Also, the average transmitted power P t is given by:
We use the outage probability criterion to discuss the performance considering mobility [18] . It corresponds to the probability that the communication link would not ensure an aimed Quality of Service (QoS) defined here by a targeted SNR value named related to the BER for OOK modulation by:
The outage probability can be expressed as: (9) We have reported in Fig. 6 and Fig. 7 the outage probability for two data rates: R b1 = 1Mbps and R b2 = 350Mbps respectively for scenarios (a);(b) and scenarios (a);(d).
First, we can see that to achieve a P out of 10 -1 , the impact of the body is negligible whatever the data rate and the body reflectivity are.
Secondly, for lower values of P out , the results show that body impact is more significant when the data rate increases. For example in Fig. 6 , for a P out of 10 -3 , we have determined the corresponding SNR 0 value for each scenario.
The difference in terms of SNR is SNR = 0.4dB between scenario (a) and (b) for R b1 whereas SNR = 21dB for R b2 . In addition, this effect is all the more significant as the reflectivity value is weak: in Fig. 7 , SNR = 8dB between scenario (a) and (d) for R b1 and SNR = 36dB for R b2 . Fig. 6 . Outage probability for R b1 =1Mbps and R b2 =350Mbps considering 2D body and 2 = 0.7 Fig. 7 . Outage probability for R b1 =1Mbps and R b2 =350Mbps considering 2D body and 1 = 0.1 Nevertheless, the body shape and value are not the only parameters having penalizing effect. Indeed, we have already shown in [6] for the same VLC configuration that receiver orientation variations have a strong impact on the performance. But, this had been performed without considering body.
So, in order to determine the impact of orientation variations with a body, we have considered another scenario (f) and compared the results with scenario (b):
-(f) mobile receiver with 2D body model with ρ2 =0.7 and fixed receiver orientation ( = 0)
We have reported in Fig. 8 the outage probability for R b1 and R b2 for the two scenarios (b) and (f). It can be observed that the achievable performance between both scenarios at R b1 are similar, meaning that for low data rates, considering a 2D body with only perpendicular receiver orientation is an assumption allowing suitable performance estimation.
However, for high data rates, the impact of the receiver orientation variations cannot be neglected. Actually, performance with R b2 is highly degraded in scenario (f) compared to (b). For example, for a P out of 10 -3 , the SNR value between scenario (b) and (f) is quite equal to 30dB. This high value of SNR can be explained by the fact that considering a strong ISI because of high data rates implies cases in some orientations where the received signal is almost blocked by the body and so the optical gain is quite equal to zero. This blocking effect has been observed considering a high body 2 value ( 2 = 0.7) and it is likely that the effect will be even more significant for smaller values.
To investigate body blocking impact for high data rates regarding body value, we thus consider the two extreme values 1 and 2 and that receiver orientations randomly vary. We have reported in Fig. 9 , the evolution of the minimal SNR 0 value required for an outage probability of 10 -3 and a wide range of data rate from 1kbps to 500Mbps. The studied scenarios are (a), (b) and (d).
As expected, we can observe that for a high value (scenario (b)) and for data rates lower than 250Mbps, the impact of the body on the SNR 0 value is not significant. However, from 300Mbps, the SNR 0 value rapidly decreases and so performance is degraded. As we have seen above, this is linked to ISI impact in some orientations. For a weak value in case (d), the SNR 0 value is always lower than in case (b) even for low data rates. For example, for R b = 100Mbps, the SNR 0 gap between the two cases is around SNR = 15.3dB. However, until around 300Mbps the requested SNR 0 values for the targeted P out are still high enough to ensure low BER values with OOK modulation. Finally, from 300Mbps we can also remark as previously that the SNR 0 values highly decrease. This means that to design an efficient high speed VLC link it is important to model the presence of the body along with receiver orientations to take into account blocking cases.
These results confirm that the choice of the body's value is very important, because regarding its value the body can or cannot have an impact on the channel performance, even at low data rates.
IV. CONCLUSION
The main goal of this paper was to investigate the impact of the body on a VLC channel link. This channel was considered mobile, meaning that positions and orientations of the receiver are randomly varying. Moreover, we have considered that the receiver is worn by a person, whose body is also taken into account. Our study was based on the comparison of two body models: one in 2D and the other one in 3D. We have also considered two extreme values for the body ( 1 = 0.1 and 2 = 0.7).
First, by comparing the VLC gain distributions obtained with the two body models, we have shown that the body shape does not have a significant impact whatever the reflectivity is. Thus, it is not necessary to use a complex model to study the body impact on the VLC link performance.
Performance has been then analyzed in terms of outage probability considering different values of data rates corresponding to different ISI cases. We have shown that to achieve low QoS (outage probability of 10 -1 ) body impact is not significant whatever the data rate or the body reflectivity are.
However, for high QoS (outage probability of 10 -3 ), performance is degraded depending on the body value along with the data rate one.
In addition, we have included the receiver orientation impact in our analysis. The results have first shown that for low data rates, considering only perpendicular receiver orientation is an assumption allowing suitable performance estimation. But, for high data rates, it is necessary to model receiver orientation variations along with the body features.
Finally, we have evaluated the minimal SNR value required for a given outage probability for a wide range of data rates (1kbps to 450Mbps).
We have seen that for a high body value and data rates lower than 300Mbps, body impact is not significant, whereas from higher data rates performance can be highly and rapidly degraded due to body blocking impact. For weak body reflectivity values, the results are similar but more penalizing.
Those results have been obtained for a specific environment, but they highlight that the impact of the body on a mobile VLC channel depends on the data rate and on the value of the body. This is a first study which has to be completed in particular by studying the impact on the performance of the distance between the receiver and the body.
